The present work investigates arsenic, antimony and tellurium sorption using iron modified peat. The results were obtained using batch tests and the sorption was studied as a function of initial metalloid concentration, pH and sorption time, as well as the presence of competing substances. The obtained results indicate that modification of peat with Fe compounds significantly enhances the sorption capacity of the sorbents used for sorption of arsenic, antimony and tellurium. The optimal pH interval for the sorption of Sb(III) is 6.5-9 and for As(V) and Sb(V) -3-6, while As(III) and tellurium sorption using Fe-modified peat is favourable in a wider interval of 3-9. The presence of competing ions as well as HA affect sorption of metalloids on Fe-modified peat. A minor impact on the reduction of metalloid sorption was detected in the presence of nitrate, sulphate, carbonate and tartrate ions, while in the presence of phosphate and HA the sorption ability of metalloids can be considerably reduced. The obtained results of kinetic experiments indicate that sorption of metalloids on Fe-modified peat mainly occurs relying on mechanisms of physical sorption processes.
Introduction
Nowadays, growing attention is being paid to environmental pollution with metalloids (As, Sb, Te) [1] [2] [3] [4] [5] . Due to the wide distribution and toxicity, arsenic is the most studied metalloid. At the same time, considerably lower attention has been paid the research of antimony and tellurium. However, it is important to study the occurrence of antimony and tellurium in the environment as well as associated environmental pollution and possible solutions for environmental remediation.
Arsenic is a well-known toxic element that can be found in drinking water in problem areas, for example, in SE Asia. The concentration of arsenic in these areas exceeds maximal permissible levels several times [4, [6] [7] [8] . Arsenic can enter into natural water systems through a range of natural as well as anthropogenic sources. Weathering of rocks and minerals containing arsenic, volcanic emissions and also a result of some biological processes can be mentioned as example of natural processes releasing arsenic into the environment. Moreover, anthropogenic sources include release of arsenic from various industries, such as smelting, petroleum refinery, glass manufacturing, production of fertilizers, and intensive application of arsenic containing plant protection chemicals such as insecticides, herbicides and crop desiccants, as well as arsenic additives are used in the production of livestock feed [9] [10] [11] .
Arsenic exists in four oxidation states: -3, 0, +3, and +5, and it can be found in both inorganic and organic speciation forms. The inorganic species of arsenic are more common and toxic than the organic species. Inorganic arsenic is the predominant form found in polluted waters, and it exists in two oxidation states -As(III) and As(V), depending on pH and red-ox conditions [1, 12] . In media with pH 3-9, the dominant species of As(III) is neutral H 3 AsO 3 , while those of As(V) are negatively charged HAsO 4 2− and H 2 AsO 4 − [4] . Antimony, like arsenic, is a toxic element which is present in the environment as a result of natural and human activities. Wide use of antimony in industry is the main anthropogenic source of this element.
The concentration of antimony in unpolluted waters is low, usually less than 1 µg L -1 , while in polluted areasclose to anthropogenic sources -concentration can be up to 100 times higher in comparison with natural levels [3] .
Similarly to arsenic, antimony can exist in a variety of oxidation states: -3, 0, +3, and +5, while mainly in the environment it occurs in inorganic forms -Sb(III) and Sb(V). Like arsenic(V), Sb(V) is the predominant species in oxic systems and Sb(III) in anoxic systems; although some studies reveal that significant amounts of Sb(III) can be also found in oxic and Sb(V) in anoxic systems [3, 13] .
Up to now, studies on tellurium and distribution of its compounds in the environment are limited, and the main attention in the existing studies has been focused on tellurium pollution near the main tailing and industrial areas [5] . Aqueous Te species mainly exist in the form of oxyanions -tellurite (TeO 3 2− ) and tellurate (TeO 4 2− ) or hydroxide anions (Te(OH) 6 , TeO(OH) 3 − ). Te(VI) is the predominant form in aqueous media under oxic conditions, whereas Te(IV) predominates under reducing conditions [14, 15] .
Different refinement technologies are used to reduce pollution of metalloids, for example, precipitation, sorption, ion exchange, extraction and cementation. Each of these have some advantages and disadvantages. However, the main disadvantage is the high costs. It is considered that sorption is one of the most effective and affordable methods [6] [7] [8] 10] .
Until now, sorbents of different origin, efficiency and costs are used. But recently increasing attention is paid to the sorbents which are made on the basis of natural materials such as waste products of agriculture and food industry [16] .
Some previously studied sorbents are effective for sorption of one metalloid form, for example, arsenates, but they are less efficient for sorption of other forms such as arsenites.
Peat can be a perspective material for sorbents. It is a widespread natural material in Northern Europe and elsewhere. The advantages of peat based sorbents are as follows: it is an environmentally friendly sorbent, it is a low cost sorbent and it can be utilized by combustion. Taking into account the affinity of metalloids to interact with Fe-containing compounds, investigation of metalloid sorption can be carried out using iron modified biomaterial sorbents.
The aim of the thesis is to obtain modified peat sorbents, characterise them and investigate V and VI group metalloid (As, Sb, Te) sorption onto modified peat sorbents.
Experimental
Analytical quality reagents (Sigma-Aldrich Co., Fluka Analytical, Scharlau, Stanlab, Penta) were used without further purification. High purity water Millipore Elix 3 (Millipore Co.) 10-15 MΩ cm was used for preparation of solutions.
Disodium hydrogen arsenate heptahydrate (Na 2 HAsO 4 × 7H 2 O; Sigma-Aldrich), sodium arsenite (AsNaO 2 ; Fluka), cacodylic acid (C 2 H 7 AsO 2 ; Sigma-Aldrich), potassium hexahydroxoantimonate(V) (KSb(OH) 6 ; Fluka), potassium antimony tartrate semi hydrate (C 4 H 4 KO 7 Sb × 0.5H 2 O; Sigma-Aldrich), potassium tellurite hydrate (K 2 TeO 3 × H 2 O; Sigma-Aldrich) and telluric acid (H 6 TeO 6 ; Sigma-Aldrich) were chemicals of analytical grade. Sorption experiments were provided using three different peat samples modified with Fe(III) hydroxide (Fe-modified peat from the Gagu Bog, Fe-modified peat from the Silu Bog, Fe-modified peat from the Dizais Veikenieks Bog). Peat was derived from three bogs in Latvia: high type cotton grass-sphagnum peat (depth 50-60 cm) from the Gagu Bog, high type peat (depth 12.5-25 cm) from the Silu Bog and high type fuscum peat (depth 25-52 cm) from the Dizais Veikenieks Bog.
Modification of materials involved precipitation of iron hydroxides on the surface of the studied material with the following thermal treatment [6, 8] . 67.55 g (0.25 mol) FeCl 3 × 6H 2 O were dissolved in 250 mL distilled water, adding 250 mL 3M NaOH and leaving for 4 hours. Then, the formed precipitates were rinsed and decanted in a 1 L vessel. The dispersion of Fe(OH) 3 was mixed in 100 g of homogenized peat. After filtration, the reaction product was rinsed with approximately 0.5 L deionized water, filtered, dried and heated for 4 hours at 60°C.
As three different peat samples were used for modification, for their separation the name of peat bog is shown in brackets, e.g., mod. peat (Gagu) -peat sample derived from the Gagu Bog (depth 50-70 cm) modified with Fe(OH) 3 , followed by thermal treatment.
Characterisation of sorbents
Characterization of sorbents was done using the Fourier transformation infrared (FT-IR) spectra, scanning electron microscopy (SEM), specific surface area measurements as well as analysis of moisture content, organic substances content and Fe 2 O 3 .
For determination of organic matter, the loss-onignition (LOI) method was used. 1 g of each sample was dried at 105°C temperature for 12 h and then burned at 550°C temperature in a muffle furnace for 4 h. Samples were weighed after cooling, and content of organic matter was calculated according to LOI (Eq. 1.) [17] : (1) where LOI 550 -LOI at 550°C (%), DW 105 -dry weight of the sample before combustion (g), and DW 550 -dry weight of the sample after heating at 550°C (g).
The content of Fe 2 O 3 was determined in samples after heating at 550°C. Samples were mineralized using concentrated HCl and conc. HNO 3 , and heated at 120°C for 2 h. In corresponding filtrates after dilution Fe was analysed using an atomic absorption spectrometer with flame atomization (FAAS) (Perkin-Elmer Analyst 200 atomic absorption spectrophotometer). The content of iron(III) oxide in the sorbent was calculated according to the Eq. 2. ), V -volume of the sample (L), and m -mass of sorbent (g).
Fourier transformation infrared spectra were obtained for all sorbents using a Perkin Elmer Spectrum BX FT-IR spectrometer, and data processing was conducted using Spectrum v 5.3.1 software. Samples were pressed in KBr pellets, and the spectra were recorded in the range of 4000-450 cm −1 with a 4 cm −1 resolution. SEM data were obtained using a scanning electron microscope JOEL ISM T-200. Samples were measured in the secondary electron regime, with the SEM operating voltage of 25 kV.
The surface area of sorbents was measured using a surface area pore size analyser Gemini2360. The Brunauer-Emmett-Teller (BET) method was used for the specific surface area measurements.
Determination of the point of zero charge (pH zpc ) was provided using an immersion technique [18] . 40 mL 0.03 M KNO 3 was added to 0.5000 g of sorbent. After that solutions were adjusted at different pH values using 0.1 M NaOH and 0.1 M HCl. Aqueous suspensions were agitated for 24 h in a shaker and after that the pH was measured. The change of pH (ΔpH) during equilibration was calculated and the pH zpc was identified as the initial pH with minimum ΔpH.
Experimentally obtained data were processed with MS Excel. The correlation of obtained sorption data was calculated using the Langmuir and Freundlich isotherm models.
The least square method and MS Excel optimization tool (Solver) were used to obtain theoretical sorption isotherms. The modified Langmuir-1 equation (Eq. 3.) was used for optimization. It was assumed that sorbents have two sorption centres. (3) where q e -sorbed amount (mg g -1 )
; C e -sorbat equilibrium concentration (mg L -1 ); q m1 , q m2 and k 1 , k 2 -Langmuir constants which are associated with sorption capacity and sorption energy, respectively.
Sorption experiments
Sorption experiments were conducted using a batch system. Na 2 HAsO 4 × 7H 2 O, NaAsO 2 and C 2 H 7 AsO 2 were used for preparation of arsenic stock solutions at various concentrations of arsenic (300, 200, 100, 50, 25, 10 and 5 mg L -1 ). KSb(OH) 6 . 40 mL of a metalloid solution was added in each 100 mL glass vessel with 0.5 g sorbent. Vessels were shaken for 24 h at room temperature. The suspension was then filtered, and a concentration of metalloid in the filtrate was analysed using a Perkin-Elmer atomic absorption spectrometer AAnalyst 600 with graphite furnace (ETAAS -Electrothermal Atomic Absorption Spectrometry). The PerkinElmer AAnalyst 200 with flame atomization (FAASFlame Atomic Absorption Spectrometry) and PerkinElmer ELAN 6000DRC (ICP-MS Inductively Coupled Plasma Mass Spectrometry) were also used for determination of metalloid concentration in filtrates.
Influence of pH on metalloid sorption process
0.1 M NaOH and 0.1 M HCl were used for investigation of the pH impact. In glass vessels with 0.5 g of sorbent, the necessary amount of arsenic, antimony or tellurium stock solution was added. Then solutions of various pH were prepared by adding 0.1 M NaOH or 0.1 M HCl drop by drop to achieve pH values from 3 to 10. After that the reaction mixture was shaken for 24 h at the room temperature and filtered, and finally the pH scale was measured. The initial concentration of arsenic and tellurium used for the solution was 100 mg L -1 but the initial concentration of antimony was 200 mg L -1 . Filtrates were analysed with FAAS or ETAAS.
Influence of competing ions on metalloid sorption process onto Fe-modified peat
KH 2 PO 4 , NaNO 3 , NaCl, Na 2 SO 4 , Na 2 C 2 O 4 , C 4 H 4 KNaO 6 × 7H 2 O, Na 2 CO 3 , Na 2 SiO 3 and also humic acid (peat derived from the Gagu Bog, Latvia) were used to investigate metalloid sorption in the presence of competing anions. In all cases, the anion concentration was 25 mg L . The sorption experiment was continued for 24 h at room temperature. Filtrates were measured using FAAS or ETAAS.
Sorption kinetics of metalloids onto Fe-modified peat
Sorption experiments were performed in the same manner as previously described. The initial As concentration was 100 mg L Experiments of sorption kinetics depending on the temperature were provided as previously mentioned, but the shaking was done at 275 K, 283 K, 298 K and 313 K temperature.
Results and discussion

Characterisation of sorbents
The content of organic substances as well as moisture content, Fe 2 O 3 analysis, nitrogen adsorption isotherm measurements, FT-IR spectra and SEM images were used to characterise the sorbents. Some characteristics of sorbents are given in Table 1 . The content of organic matter for Fe-modified peat sorbents varied from 72% to 79% ( Table 1 ). The content of organic matter was reduced in modified materials in comparison with unmodified materials. For example, organic matter in Fe-modified peat (Gagu) was 74%, but in raw peat material it was higher (99%). There were no significant changes observed in the content of C, H, N and O among all used materials.
The obtained results indicated that the applied method of modification was effective, because the content of Fe 2 O 3 was significantly enhanced after modification. For example, the peat layer (50-60 cm) from the Gagu Bog originally contained 4.1 mg g -1 of Fe 2 O 3 while the Fe 2 O 3 content reached 424.8 mg g -1 after modification. Fe-modified peat had the highest content of Fe 2 O 3 , and its specific surface area (obtained by the BET method) was one of the highest in comparison to other Fe-modified peat sorbents used in this study (Table 1) . Specific surface area is one of the most important parameters that affect sorption and, taking into account the high affinity of metalloids to interact with iron compounds, one can predict that sorbents with the highest specific surface area and the highest content of iron oxide will also have the highest sorption capacity. In this case, modified peat (Gagu) has relevant properties that could ensure high sorption capacity and thus it could be effective for removal of metalloids.
The pH of the point of zero charge (pH zpc ) is one of the parameters that characterises the surface chemical properties of studied materials. The pH of the point of zero charge is understood as the pH above which the total surface of a sorbent is negatively charged while the surface at pH < pH zpc has a positive charge [19] .
The surface morphology of used sorbents differs slightly ( Fig. 1) . Decomposed plant residues are characteristic to the raw peat material (Fig. 1a) , and differences of surface morphology between raw and modified peat are obvious when comparing images a and b in Fig. 1 . Plant residues coated with iron compounds are characteristic to modified peat.
FT-IR spectrometry is one of the methods that is used to characterise sorbent materials as it provides an opportunity to establish the main functional groups that are present in a sorbent as well as noticing differences in unmodified and modified materials.
Comparing the FT-IR spectra of Fe-modified and raw peat materials (Fig. 2) , the main differences are observed at the wavenumber interval 1700-450 cm −1 , whereas common features for all the FT-IR spectra of investigated sorbent materials are as follows: a broad band at 3600-3300 cm −1 which corresponds to hydroxyl groups in phenols and carboxylic acids and a band at 3570-3200 cm −1 which corresponds to H valence vibrations in hydroxyl groups (Coates 2000) . The signal detected at 2900 cm −1 characterises methine group (>CH-) CH valence vibration, whereas the signal at 1430 cm −1 characterises asymmetric/symmetric bends of the methyl group (C-H); and at interval 1225-950 cm −1 aromatic C-H bend signal was observed [20] . The signal of FT-IR at 1700 cm −1 characterises vibration of the carbonyl group that corresponds to carboxylic acids and esters (1700-1725 cm −1 ), whereas characteristic vibrations of the aromatic ring are usually observed at interval 1615-1580 cm −1 .
The signal at interval 1510-1450 cm −1 also characterises vibrations of the aromatic ring (C=C-C bonds) [20] .
The intensity of signals of several functional groups varies for modified and unmodified materials, thus indicating formation of Fe complexes and corresponding structural changes in molecules that have occurred due to interaction with metals. Normalization of FT-IR spectra was performed using the program Spectrum v 5.3.1 and the relation of band intensities at 1700 and 1600 cm −1 were used to compare appropriate signals of functional groups before and after material modification. The obtained results are in agreement with previous studies discussed in the literature, for example, in the report by Rodriguez-Lucena et al. [21] , it was noted that the bands at 2940, 2830, 1715, 1500, and 1050 cm −1 are less intensive after formation of complexes with iron compounds. The lower intensity of separate bands may be related to formation of Fe phenolates and carboxylates. Such bands could be stretching of CH, C=O (carbonyl) and COOH, deformation if CH, vibrations of the aromatic ring, skeletal vibrations of aromatic C=C, and vibrations of C-O, C-C and C-OH [21] .
Carboxylic, hydroxyl and amino groups probably could be the main functional groups that can interact with metalloids; and this could explain sorption of metalloids on raw peat material, while the metalloid-O-Fe bond could support interaction between metalloids and Fe-modified peat.
Although the spectra of FT-IR give important data, they cannot give complete information regarding the results of modification; FTIR spectra provide indirect information to discuss the formation process of Fe complexes on the surface of sorbents.
Sorption efficiency
After the modification of peat with Fe compounds enhancement of the sorption capacity of the material was achieved. Three different types of peat were used for As(V) sorption. The sorbed amount of arsenic differs, but in all cases it was considerably higher for Fe-modified peat in comparison with raw peat material (Fig. 3) . The highest sorption capacity has Fe-modified peat (from the Gagu Bog) sorbing either As(V) as well as As(III), As(org.) and Sb(V) in comparison with Fe-modified peat sorbents where peat is obtained in the Silu Bog or the Dizais Veikenieks Bog (Fig. 4) . However, Fe-modified peat from the Silu Bog can effectively remove Te(VI), but Femodified peat from the D. Veikenieks Bog could be the most effective sorbent for Sb(III) removal.
The obtained data indicated that sorption capacity depends on the material of used sorbent, even at similar reaction conditions. The highest sorption capacity of As(V) was observed for the Fe-modified peat (peat from the Gagu Bog) sorbent. The sorption capacity of Fe-modified peat (Gagu) reached 15.11 mg g -1 (Fig. 4) , i.e., this sorbent was capable of sorbing more than 90% of As(V) at the initial As(V) concentration of 179 mg L -1
; ability for sorption is reduced to 70% at the initial As(V) concentration of 269 mg L -1
. Reduction of sorption ability of the sorbent with increasing concentration of metalloid is affected by Fe/As ratio because increasing concentration of metalloid causes a reduction in the number of free sorption sites.
Fe-modified peat sorbents have considerably higher sorption ability for arsenites than arsenates. The highest sorption capacity was observed for Fe-modified peat (peat from the Gagu Bog) (44.8 mg g -1 ). It was capable of removing more than 90% of As(III) at the initial As(III) concentration of 192 mg L -1 but its sorption ability was reduced to 60% when the initial As(III) concentration reached 928 mg L
, respectively. The studied types of sorbents were also able to remove the organic form of arsenic As(org.). The oxidation state of arsenic is +5. Sorption capacity of the sorbents was slightly lower sorbing As(org.) in contrast to As(V). The highest sorption ability applied to Fe-modified peat (Gagu) -its sorption capacity reached 11.45 mg g -1
. It was capable of sorbing more than 90% of As(org.) at the initial As(org.) concentration of 25 mg L -1 . In comparison to arsenic (Fig. 4) , removal of antimony(V) using Fe-modified peat is considerably more efficient (about two times higher). Sorption capacity of The results obtained for Fe-modified peat showed good sorption ability for Te(IV) (Fig. 4) . Moreover, sorption capacity of Fe-modified peat (Gagu) reached 40 mg g . In summary, sorbents synthesized in this study can be used for removal of metalloids (As, Sb, Te). Fe-modified peat (Gagu) was the most effective sorbent for all forms of metalloids. It is possible to use Fe-modified peat (Gagu) as a sorbent for severely polluted waters with extremely high concentrations of metalloids. Properties of the sorbent regarding the removal of metalloids might be related to the fact that peat is rich in organic substances each with their own diverse properties, but dominant functional groups are carboxyl groups and phenolic hydroxyls. Amino groups have minor importance but also they might contribute to the sorption process of metalloids. It is characteristic that there are hydrophobic structures in peat organic matter possibly contributing to the sorption of arseno-organic species. Thus, based on literature studies and obtained FT-IR spectra, it can be suggested that iron is chemically bound, but the sorption is a joint effect of structural units of peat organic matter with iron oxo(hydroxides).
Sorption capacity of sorbents varies with sorption of different metalloids such as As(V), Sb(V) and Te(VI). This can be explained by specific chemical properties of each form of metalloid. Although arsenate and antimonate have similar chemical properties, their sorption still can be affected by molecular size and coordination. For example, arsenate is a tetrahedral oxoanion, but antimonate is an octahedral oxoanion, also molecules of antimonate have larger ionic radii and lower charge density.
The results of sorption experiments often are compared with theoretical sorption models such as Langmuir, Freundlich, Dubinin-Radushkevich, Redlich-Peterson model and others [22] [23] [24] [25] . Obtained sorption isotherms for arsenic, antimony and tellurium were compared using Langmuir and Freundlich sorption isotherm models.
The Langmuir equation (Eq. 4) is used to characterise equilibrium between sorbed metal ions and metal ions in the solution. To determine the appropriate isotherm a linear form of the equation is often used. It is possible to linearize the Langmuir equation in four different types. However, the Langmuir equation (Eq. 5) is the most popular and the most appropriate for the assessment of experimental data. 
where C e is the equilibrium concentration (mg L -1 ); q e is the amount of arsenic sorbed onto solid phase (mg g -1 ); q m and K a are Langmuir constants which are related to sorption capacity and sorption energy, respectively, according to [26, 27] . Moreover, q m is q e for a complete monolayer (mg g -1 ) and K a is the sorption equilibrium constant (L mg -1 ) [27] . The Freundlich sorption isotherm model (Eq. 6) is one of the most often used models.
1 n e e q kC = (6) where k and n are Freundlich constants which correspond to adsorption capacity and adsorption intensity, respectively. In the base of the Freundlich model there is an assumption that the sorption surface is heterogeneous and sorption sites have diverse energy. The obtained data can be linearized using linear Freundlich equation (Eq. 7). K C n q e e log log 1 log + =
The obtained sorption data were compared using the Langmuir and Freundlich isotherm models. Based on the correlation coefficients, in most of the cases the sorption of metalloids using Fe-modified peat as sorbents fitted better to the Langmuir isotherm model, but values of the determination coefficient usually were close, thus confirming that experimentally obtained sorption data corresponds to both theoretical isotherm models. However, it is not possible to maintain that one of the models is predominant. Studied sorbents are not homogenous; therefore, it is possible that sorbents have more than one sorption centre. Optimization was performed according to the Eq. (3), where Langmuir isotherm model constants -q m1 , q m2 and k 1 , k 2 which correspond to sorption capacity of each sorption site and sorption energy were determined.
Sorption of Fe-modified biomaterials can be explained with the forming of the metalloid-O-Fe bond indicated by values of q m1 and k 1 . Theoretically very high sorption capacity (q m1 ) is obtainable for Fe-modified peat (Gagu) sorbing As(III), though their sorption energy is negligible. Also the second sorption centre has important significance indicated by q m2 and k 2. It can be assumed that the second sorption centre is a matrix. For example, sorbed amount of Sb(V) is relatively high on raw peat material.
In overall, sorption on Fe-modified materials is provided by metalloid-O-Fe bond formation and possible sorption sites in a matrix.
Impact of pH on sorption of metalloids
The effect of pH is one of the most important factors that influence the sorption of metalloids. It may affect the chemical form of the metalloid in solution as well as surface properties of the sorbent. The interval of pH 3-9 was chosen to display conditions comparable with possible environmental conditions. Inorganic arsenate species is negatively charged at pH 3-9, whereas the arsenite species is neutral (H 3 AsO 3 ). (pH 12-14) [4, 11] .
The sorption capacity of Fe-modified peat sorbing As(V) and As(org.) was maximal at acidic pH values and much lower at alkaline pH values (Fig. 5 ). Fe-modified peat was capable of sorbing more than 98% of As at the initial As concentration of 100 mg L -1 at the pH interval 3.2-6.4, but with the increase of pH to 8.14, the sorbed amount of As was reduced to 70%. Contrarily, As(III) could be effectively removed using Fe-modified peat in a wide pH interval. Fe-modified peat sorbed more than 95% of As(III) at pH interval 2.76-6.96 and the sorption ability reduced to 88% at pH 9.9 (initial As(III) concentration 100 mg L -1 ). However, a similar trend was observed also for sorption of other Fe-modified materials. The best sorption conditions were observed at pH interval 3-6.5 for As(V) when H 2 AsO 4 − is the predominant form in the solution. It can be supposed that the sorption of As(V) onto Femodified materials mainly occurred depending on interactions between the ionic species of the respective element and the charged surface groups of the sorbent. pH has an impact on both, the form of the element in the solution and the ionization potential of active sorption sites. Moreover, other researchers suggest that it is possible that adsorption occurs by means of reaction between the positively charged surface groups -FeOH 2 + and the arsenate ions which leads to the formation of surface complexes [6, 28] .
The surface charge of the sorbent is one of the most important parameters that may characterise protonation and deprotonation, thus giving important information about the sorption mechanism. As mentioned above, the pH of the point of zero charge (pH zpc ) is one of the parameters that characterises the surface chemical properties of the studied materials. The pH zpc is pH above which total surface of the sorbent is negatively charged while the surface has a positive charge at pH < pH zpc [19] .
As summarized in Table 1 , the pH zpc values of the studied sorbents varied from 4.7 to 6.6. If, for example, the pH zpc of Fe-modified peat (Gagu) is 4.7, it means that the surface of the sorbent is positively charged if pH < 4.7, but arsenate has a negative charge, and therefore the sorption capacity is maximal. At pH > 4.7, the sorbent surface becomes negatively charged and interaction between the active sorption sites on the sorbent and the negatively charged H 2 AsO 4 − and HAsO 4 2− ions decreases. Another reason for the decrease of the sorption capacity in alkaline solution can be a competition for sorption sites between arsenate and hydroxide ions.
pH zpc is a valuable parameter, even if it does not always explain the pH impact on sorption capacity because natural materials are not homogeneous and different other factors such as particle size and predominant functional groups of sorbents may influence it.
As(III) in the studied pH interval is neutral, therefore an electrostatic interaction between As(III) and Femodified peat does not occur. Sorption is likely to be determined by sorbent properties and oxidation of As(III) to As(V) is possible. The obtained results are in agreement with similar studies [29] .
For Sb(III), the corresponding species are [SbO] + and [Sb(OH) 2 ] + at pH < 3, Sb(OH) 3 and HSbO 2 at pH interval 3-10, and [SbO 2 ]
− at pH > 10 [30] . Whereas predominant form of Sb(V) at pH interval 2-11 is Sb(OH) 6 − (Van Vleek et al. 2011; Xi et al. 2011 ). The highest sorption capacity of the studied sorbents sorbing Sb(III) was at the pH interval 6-9 where the predominant form is neutral Sb(III). The obtained results are in agreement with other studies [29] [30] [31] . Interaction mechanisms between Sb(III) and Fe-modified sorbents can involve ligand exchange and negatively charged complex formation.
As in the case of arsenic, the best pH interval for removal of antimony(V) is pH 2-5.5 when Sb(OH) 6 − is the predominant form. The sorption capacity was decreasing at pH > 5.5. The reason for decrease of sorption capacity in alkaline solution could be a charge repulsion between negatively charged surface groups of the sorbent and the negatively charged Sb(V) ions; additionally competition for sorption sites between antimonate and hydroxide ions is possible.
The impact of pH on both removal of Te(IV) (Fig. 6 ) and Te(VI) was not significant at the studied conditions. As previously suggested, H 5 TeO 6 − is the main form of tellurium(VI) in aqueous environment at pH range 7.5-11, while H 6 TeO 6 is the predominant form at pH < 7.7. Fe-modified peat (Gagu) was capable of sorbing more than 95% of Te(VI) at the initial Te concentration of 100 mg L -1 , at the entire studied pH interval. Overall, sorption ability of Fe-modified peat sorbing As(V) and Sb was affected by pH of solution, but the impact of pH was weaker in a case of As(III) and Te. Electrostatic interaction could be the basis of As(V) and Sb(V) sorption on Fe-modified peat. Contrarily, ligand exchange and oxygen bond formation and interaction with Fe compounds could be the basis of As(III), Sb(III) and Te sorption on Fe-modified peat.
Influence of competing substances on sorption of metalloids
Since Fe-modified peat (Gagu) was assessed as the most effective sorbent for the removal of all forms of metalloids, there is a need to understand whether it has the potential of use for the treatment of natural waters. The impact of competing substances also have to be studied. For this reason, several salts (KH 2 PO 4 , NaNO 3 , NaCl, Na 2 SO 4 , Na 2 C 2 O 4 , C 4 H 4 KNaO 6 × 7H 2 O, Na 2 CO 3 , Na 2 SiO 3 ) as well as humic acid (isolated from peat taken from the Gagu Bog, Latvia) were selected. The results indicated that sulphate, nitrate, chloride and tartrate anions have a minor influence on sorption of As(V) onto Fe-modified peat (Fig. 7) . The obtained sorption capacity for Fe-modified peat was 15.11 mg g respectively. The results of this study are in agreement with the research done under the supervision of Y. Zhang [36] , who suggested that Cl − , NO 3 − and SO 4 2− do not interfere with the removal of As(V) using Ce-Fe adsorbent. In contrast to that, the presence of oxalate, phosphate and humic acid significantly reduced the removal rate of arsenic (Fig. 7) . The sorption capacity decreased to 11.04 mg g -1 in the presence of oxalate and phosphate ions, but even more significant reduction of sorption capacity was observed in the presence of humic acid. Sorption capacity was 10.13 mg g -1 in the presence of PO 4 3− anions, and this reduction indicates the competition between arsenate and phosphate for binding sites of the sorbent. The reason for similar sorption behaviour of arsenate and phosphate on Fe-modified peat could be related to the fact that both acids (arsenate acid and phosphoric acid) are triprotic acids with similar structure and thus also with similar properties.
Sorption capacity of Fe-modified peat was 5.50 mg g -1 in the presence of humic acid; consequently, humic acid may compete with arsenate for sorption sites of the sorbent. Therefore, Fe-modified peat used as a sorbent is less effective in waters containing high concentrations of humic acid. As reported in other studies, humic acids may be one of the main reasons that explain the decrease of sorption capacity in experiments in natural environments in comparison with laboratory experiments, e.g., it was confirmed by studies where tap water and groundwater in Mongolia was used [36] . However, further experiments are needed, e.g., in the areas of sorbent optimisation or development of new sorbents that could adsorb not only arsenic but also humic acid with the aim to prevent negative impact of humic acid on the sorption process, [37] .
As it was observed in the sorption experiment with As(V), removal of Sb(V) is also slightly reduced in the presence of tartrate, carbonate and silicate, while the sorbed amount of Sb(V) was considerably decreased in the presence of oxalate and phosphate ions (Fig. 8) . In contrast to As(V), the sorbed amount of Sb(V) on Fe-modified peat is enhanced in the presence of humic acid. Such results can be explained by Sb-HA complex formation. Moreover, sorption of Sb on HA that is attached to Fe-modified peat is possible. The sorbed amount of Sb(III) on Fe-modified peat did not reduce in the presence of competing substances. The sorbed amount of Sb(III) is enhanced by 2-9% in the presence of oxalate, carbonate, sulphate, phosphate and humic substances. It is suggested that Sb(III) could be oxidized to Sb(V) in the presence of HA and also in the presence of Fe and Mn oxo(hydroxides) that promote oxidation process [35, 38] .
The sorbed amount of Te(IV) did not reduce in the presence of nitrate and sulphate, but it slightly reduced in the presence of chloride, phosphate and carbonate. . However, the sorbed amount of Te(VI) on Fe-modified peat reduced in the presence of carbonate (49%), sulphate (50%) and silicate (45%), and more obviously in the presence of tartrate (41%), oxalate (39%) and phosphate (36%).
Overall, the presence of competing ions as well as HA, affects sorption of metalloids on Fe-modified peat. A minor impact on the reduction of metalloid sorption was observed in the presence of nitrate, sulphate, carbonate and tartrate, while in the presence of phosphate and HA the sorption ability of metalloids can be considerably reduced. It is worth mentioning that the presence of HA negatively affects sorption of As(V) and Te(IV), whereas Fe-modified peat is not suitable for water purification with high content of HA, but it may effectively remove both, Sb(III) and Sb(V).
Sorption kinetics study of metalloids
Sorption kinetics gives valuable insight into the pathway of the sorption process and sorption mechanism. The sorption kinetics of metalloids on Fe-modified peat (Gagu) was studied as a function of time at room temperature. According to the results of the sorption kinetics study, the sorbed amount of each metalloid exceeded 55% after 1 h (Fig. 9 ). The sorbed amount of As(III) exceeded 90% after 2 h, while the sorbed amount of As(V) exceeded 90% after 15 h. More than 90% of Sb(III) and Te(IV) were removed after 1 h, but 90% of Sb(V) was removed in 2 h using Fe-modified peat.
In comparison with other studies it was determined that a contact time of 48 h is needed to reach the equilibrium using waste metal hydroxide entrapped in the beads of calcium alginate used as a sorbent; 1 h is needed for ferrihydrite; 4 h are needed to reach the equilibrium of As(V) sorption process using goethite and amorphous iron oxide; longer periods are necessary if Fe(III) (oxo)hydroxide-loaded cellulose beads and Fe(III)-loaded lignocellulosic substrates are used, 10 h and 24 h, respectively [16] . Sorption experiments of Sb(III) and Sb(V) onto Fe oxides (e.g., goethite) and clays (e.g., bentonite) indicated that the sorption process is fast. It is suggested that 24 h is sufficient time to reach sorption equilibrium of Sb(III) and a similar tendency is characteristic also for Sb(V) [32, 39] .
Several models are used to describe the model of the sorption kinetics process. In order to establish the sorption model, sorption constants were calculated using the pseudo-first and pseudo-second-order equations. An appropriate sorption model was determined comparing the determination coefficients in the pseudofirst and pseudo-second-order equations. In all occasions experimental data fitted best to the pseudo-second-order kinetic model. The pseudo-second-order kinetic model was based on the assumption that chemisorption can be the rate-limiting step involving sharing valency forces or exchange of electrons between sorbent and sorbate [40] .
The rate of the pseudo-second-order reaction may be dependent on the amount of sorbate sorbed and the amount sorbed at the equilibrium time. The integrated rate law for the pseudo-second-order reaction is shown in Eq. (8) 
Eq. (9) can be transformed to obtain Eq. (10):
where h = kq e 2 , and h characterises the initial sorption rate as q t /t, when t→0 [11] . Therefore, the plot of t/q t against t reveals a linear relationship with the slope of 1/q e and intercept of 1/kq e 2 . The kinetic parameters of the sorption are given in Table 2 .
Kinetic experiments depending on the temperature indicate that the sorbed amount of metalloid is increasing with increases of temperature. Such a trend is observed for each form of the studied metalloids. Experimentally obtained data corresponds to the pseudo-second-order kinetic model (determination coefficient is not lower than 0.996). Arrhenius equation shows the pseudosecond-order rate constant depending on the temperature (Eq. 11). It is possible to determine sorption activation energy using the Arrhenius equation. Activation energy is defined as an energy that must be overcome in order for a chemical reaction to occur. It also can be defined as an energy that must be overcome by the sorbate ion or molecule to interact with functional groups on the surface of the sorbent [41] . ). It is possible to show activation energy graphically. The plot of lnk 2 against 1/T reveals a linear relationship with the slope of −E a /R and intercept of lnk 0 .
The calculated amount of activation energy for Fe-modified peat sorbing metalloids is given in Table 3 .
Positive values of activation energy indicate that the sorption process is favourable at higher temperatures, thus indicating an endothermic nature of the sorption process [42] .
There is an assumption that low values of activation energy indicate diffusion controlled transport and a physical sorption process, whereas higher activation energy indicates chemisorption or surface controlled processes [43] . In accordance with other studies, an activation energy of 5-40 kJ mol -1 corresponds to physical sorption, while 40-800 kJ mol -1 corresponds to chemisorption [44] [45] [46] . Sorption of As(III), As(V), Sb(III), Sb(V), Te(IV) and Te(VI) on Fe-modified peat mainly occur according to mechanisms of physical sorption processes. Since activation energy of As, Te and Sb(III) is lower than 25 kJ mol -1 and the rate (limiting step of the sorption process) could be controlled by diffusion.
Competing ions as well as HA affect sorption of metalloids on Fe-modified peat. A minor impact on the reduction of metalloid sorption was detected in the presence of nitrate, sulphate, carbonate and tartrate ions, while in the presence of phosphate and HA sorption ability of metalloids can be considerably reduced. The sorption capacity of Fe-modified peat sorbing As(V), Sb(V) and Te(VI) reduced most significantly in the presence of phosphate and oxalate ions, while the sorbed amount of Te(VI) reduced also in the presence of tartrate ions. The presence of HA can negatively affect sorption of As(V) and Te(IV), whereas Fe-modified peat is not suitable for purification of water with high HA content, but it may effectively remove both, Sb(III) and Sb(V). Sorption of metalloids on Fe-modified peat mainly occurs relying on mechanisms of physical sorption processes.
